ABSTRACT Studies have shown that supplementing probiotics in a nasal spray can provide prophylaxis against upper respiratory tract infections. Previously, we found that spraying with Bacillus reduced the concentration of atmospheric ammonia and airborne microbiological aerosols in broiler houses. In the present study, we evaluated the effects of spraying with Bacillus amyloliquefaciens on the respiratory mucosal barrier in broilers. Two trails were conducted simultaneously in four environmentally controlled chambers. In each trail, 320 1-d-old male broilers were randomly assigned to control (CON) and B. amyloliquefaciens (BAQ) group. Eight cages containing 20 birds per cage were placed in two chambers. The BAQ group chambers were sprayed with B. amyloliquefaciens at 4 × 10 9 CFU/m 2 each day for 42 d. Spraying with B. amyloliquefaciens increased average daily gain and average daily feed intake in broilers (P < 0.01), but had no effects on FCR (P > 0.05). The relative weights of the bursa (21 d) and spleen (42 d) were higher in the BAQ group (P < 0.05). The serum IgG, IgM (21 d), and IgA, Ig M (42 d) levels were improved in BAQ group (P < 0.05). The sIgA levels in tracheal lavage fluid were significantly higher in the BAQ group than the CON group (P < 0.05). Furthermore, treatment with BAQ downregulated IL-6 and IFN-γ (P < 0.05), but upregulated IL-2, occludin, and mucin-2 (P < 0.05). In addition, the number of acidic goblet cells was significantly higher in the tracheas of treated broilers than untreated broilers (P < 0.05). In conclusion, spraying with B. amyloliquefaciens may help to enhance the growth performance and improve the respiratory mucosal barrier in broiler chickens.
INTRODUCTION
Bacillus spp. (e.g., Bacillus subtilis and Bacillus licheniformis) have been utilized extensively as probiotics in animal feed. Many studies have showed that probiotic Bacillus species can secrete several extracellular enzymes that enhance the digestibility and absorption of nutrients (Park et al., 2003; Cho et al., 2004; Gangadharan et al., 2006; Lee et al., 2008; Cho, 2009) , as well as producing antipathogenic metabolites (Sutyak et al., 2008; Halimi et al., 2010; Xu et al., 2014) , and improving the intestinal mucosal health and immunity. Wu et al. (2011) showed that the dietary addition of B. subtilis modulated the intestinal flora in broilers by increasing the abundance of lactobacilli and reducing the Escherichia coli count. Pelicano et al. (2005) detected more villi in the ileum and jejunum in broilers fed with B. subtilis-based probiotics. Several C 2018 Poultry Science Association Inc. Received March 4, 2018 . Accepted September 19, 2018 Corresponding author: xmsyy286@163.com studies have shown that supplementing Bacillus in the feed increased the expression levels of mucin-2 mRNA (Aliakbarpour et al., 2012) as well as occludin, claudin-2, and claudin-3 mRNA in broiler intestines (Rajput et al., 2013; Song et al., 2014) , whereas it downregulated the expression of IL-2, IL-4, and IL-6 in the ileum and cecal tonsil in broilers (Waititu et al., 2014) , thereby indicating that Bacillus could improve the intestinal epithelial barrier function in broilers.
These previous studies focused mainly on the effects of supplementing feed with Bacillus on the growth and health of animals, especially the health of the gastrointestinal tract. Some studies have suggested that supplement with probiotics in a nasal spray can provide prophylaxis against upper respiratory tract infections and recurrent acute otitis media. Medina et al. (2008) reported that the nasal administration of L. lactis increased the clearance rate of S. pneumoniae from the lungs and prevented the dissemination of pneumococci in the blood. Santagati et al. (2015) demonstrated that S. salivarius still colonized the rhinopharynx tissues and it was maintained at a specific concentration 6 d after the last nasal spray administration. Roos et al. 1403 Roos et al. (2001 found that spraying streptococci into the nose could diminish the recurrence rate of otitis media in susceptible children. In our previous research, we found that spraying with Bacillus reduced the concentration of atmospheric ammonia and airborne microbiological aerosols in broiler houses. In the present study, we evaluated the effects of spraying with B. amyloliquefaciens on the respiratory mucosal barrier in broilers.
MATERIALS AND METHODS

Experimental Design
Two trails were conducted simultaneously in four environmentally controlled chambers. In each trail, 320 male broiler chicks (1 day old, BW 36.1 ± 0.1 g; Arbor Acres Poultry Breeding Co., Beijing, China) were randomly assigned to control (CON) and Bacillus amyloliquefaciens (BAQ) groups. Eight cages containing 20 birds per cage were placed in two chambers (4.2 m × 3.0 m × 2.5 m). The BAQ group chambers were sprayed with B. amyloliquefaciens at 4 × 10 9 CFU/m 2 each day for 42 d and the CON group chambers were sprayed with sterile water. All of the environmentally controlled chambers were maintained at 35
• C when the broilers were 1 to 3 d old, before the temperature was reduced gradually to 22
• C with a relative humidity of 60%. The trials lasted for 42 d. All of the procedures were approved by the Animal Care and Welfare Committee of the Chinese Academy of Agricultural Sciences (CAAS, Beijing, China).
Bacterial Strain
B. amyloliquefaciens was provided by the Institute of Animal Science, CAAS (Beijing, China). Spraying was done once a day at 12:00 pm every day at a height above 50 cm from the net floor and by a single trained person to ensure uniformity of spraying.
Diets and Management
The birds were fed the starter diets (21% crude protein (CP), 3,000 kcal ME/kg) from day 1 to day 21 (starter phase) and finisher diets (20% CP, 3,100 kcal ME/kg) from day 22 to day 42 (finisher phase). The basal corn-soybean diet was formulated according to the recommendations for nutrients by the NRC (1994). The birds were given ad libitum access to feed and water. Bird body weights (BW) were measured at the age of 42 d. Average daily gain (ADG), average daily feed intake (ADFI), and FCR were calculated.
Sample Collection
On days 21 and 42, one bird (close to the average BW) was selected per cage and weighed. Blood samples were collected (8 mL) from the wing veins in two 5-mL anticoagulant-free vacuum test tubes. The blood samples were allowed to clot at 4
• C and centrifuged at 3,000 × g for 15 min at 4
• C. Next, the serum samples were harvested and stored at -20
• C until further analyses. After blood collection, the chickens were killed by cervical dislocation. The thymus, spleen, and bursa were removed to determine the relative immune organ weights (g of organ per kg of BW). The trachea was collected and divided into two parts. One part was stored in 4% paraformaldehyde to measure the goblet cells and the other part was stored in liquid nitrogen for subsequent analyses of the mRNA expression levels of cytokines and mucin.
On days 21 and 42, one bird (close to the average BW) was selected per cage and immediately killed by cervical dislocation. The entire trachea was carefully removed and rinsed repeatedly (10 times) with 4 mL BSA-PBST (bovine serum albumin-phosphate buffer saline + 0.1% Tween 20) diluents. The tracheal lavage fluid was obtained by centrifugation at 5,000 × g for 15 min at 4
• C and stored at -20
• C for further analysis of SIgA.
Measurement of Immunoglobulins
The concentration of the serum IgA, IgG, and IgM and secretory immunoglobulin A (sIgA) in tracheal lavage fluid were determined via a sandwich enzymelinked immunosorbent antibody assay (ELISA) using microtiter plates with chicken-specific IgA (Cat. No. E33-103), IgG (Cat. No. E33-104), IgM (Cat. No. E33-102), and sIgA (Cat. No. abx 05,3627, Abbexa Ltd, Cambridge, UK) and ELISA quantitation kits (Bethyl Laboratories Inc., Montgomery, TX, USA). The ELISA procedure was carried out according to the manufacturer's guidelines, and absorbance was measured at 450 nm using a microplate autoreader (Thermo Lab System, Helsinki, Finland).
Measurements of Tracheal Goblet Cells
The tracheas were fixed in 4% paraformaldehyde for 48 h. The tracheas were embedded in paraffin, sectioned into 6-μm slices, and stained with Alcian blue-periodic acid Schiff according to the procedures of Wang et al. (2009) . Acid, neutral, and acid-neutral goblet cells were observed and analyzed under a light microscope (Olympus Co. Ltd., BX 50, F-3, Tokyo, Japan).
mRNA Expression Analysis
Total RNA was isolated with Trizol reagent (Takara Biotechnology, Beijing, China) according to the manufacturer's protocol. RNA integrity was determined on 1% agarose gel with ethidium bromide staining. The RNA concentration and purity were measured from OD260/280 readings (ratio between 1.9 and 2.1) using a NanoDrop ND-1000 UV spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). After determining RNA concentration, 1 μg RNA was reverse-transcribed into complementary DNA using the PrimeScript RT Reagent Kit (TaKaRa Biotechnology, Beijing, China), according to the manufacturer's instructions. Real-time PCR was conducted using an ABI 7500 Fast Real-time PCR system (Applied Biosystems, Grand Island, NY, USA) and SYBR Green Premix EX Taq kit (TaKaRa Biotechnology, Beijing, China), according to the manufacturers' guidelines. The primer sequences used for the target and reference genes (occludin, mucin-2, IL-2, IL-6, and IFN-γ) are shown in Table 1 . The PCR reaction mixture contained 10 μL SYBR Premix EX Taq, 0.4 μL ROX Reference DyeII, 0.4 μL forward primer, 0.4 μL reverse primer, 2.5 μL complementary DNA, and 6.3 μL RNase-free water. Each sample was tested twice. The PCR method consisted of a pre-run at 95
• C for 30 s and 40 cycles of denaturation (95
• C for 5 s) and annealing (60 • C for 34 s) steps. The conditions for melting curve analysis were as follows: one cycle of denaturation at 95
• C for 15 s, followed by an increase in temperature from 65
• C to 95
• C at a rate of 0.5 • C/s. The relative levels of mRNA expression of target genes were calculated based on the expression of the housekeeping gene, β-actin, using the 2 −δδCt method.
Statistical Analysis
All data were subjected to statistical analysis using the TTEST procedure in SAS 9.2 (SAS Institute, 2009). There were no significant differences between the results obtained from the two trials so we combined the data. Thus, the BAQ group and CON group each comprised 16 test units. All of the data were expressed as the mean ± std. Statistically significant differences were accepted at P < 0.05.
RESULTS
Growth Performance
As shown in Figure 1A , broilers in the BAQ group had higher ADFI and ADG (P < 0.01) than those in CON group. Broilers treated with B. amyloliquefaciens did not exhibit an effect on FCR (Figure 1 B) compared to untreated broilers (P > 0.05).
Relative Weight of Immune Organs
As summarized in Figure 2A , no difference was observed in the relative weights of the spleen and thymus (P > 0.05) of broilers between the BAQ and the CON groups; however, the relative bursa weight in BAQ group was higher (P < 0.05) than in CON group on day 21. The BAQ group showed an increased (P < 0.01) relative weight of the spleen compared to the CON group, but no significant difference was observed for the relative bursa weights and thymus weights (P > 0.05) on day 42 (Figure 2 B) .
SIgA, IgA, IgG, and IgM Content
The serum IgG and IgM (P < 0.05) levels significantly increased in the BAQ group compared to the CON group in broilers at 21 d ( Figure 3A ). There was no significant difference for the serum IgA level (P > 0.05) between the treatment group and the control group at 21 d ( Figure 3A) . At the age of 42 d (Figure 3B ), the serum IgA and IgM (P < 0.05) level were significantly higher in the BAQ group than the CON group. No difference was observed in the serum IgG (P > 0.05) of broilers between the BAQ and the CON groups. The sIgA level in tracheal lavage fluid was higher in the BAQ group than the control group in broilers at age 21 and 42 (P < 0.05; Figure 3C ).
Cytokine mRNA Expression in Trachea
As indicted in Figure 4A , treated broilers had lower IL-6 (P < 0.05) mRNA levels in broilers aged 21 d. There was no difference in IL-2 and IFN-γ (P > 0.05) mRNA level of broilers between the BAQ and the CON group at 21d ( Figure 4A ). At day 42, the IL-6 and IFN-γ (P < 0.05) mRNA expression levels were lower and the IL-2 (P < 0.05) mRNA expression level was higher in the BAQ group than the control group ( Figure 4B ).
Occludin and Mucin-2 mRNA Expression in Trachea
As summarized in Figure 5 , mRNA abundances of occludin and mucin-2 (P < 0.05) in the trachea were higher in the BAQ group than the CON group in broilers at day 21 ( Figure 5A ) and 42 ( Figure 5B ).
Tracheal Goblet Cells in Trachea
As shown in Figure 6 , acid-neutral goblet cells were the prominent goblet cells among the three types in the trachea of broilers, followed by acidic and neutral goblet cells. Broilers had higher acidic goblet cells (P < 0.05) and total goblet cells (P < 0.05) in the BAQ group than the control group. However, treated broilers showed no difference in the number of neutral and acidneutral goblet cells in the trachea (P > 0.05) compared to those of non-treated broilers.
DISCUSSION
B. amyloliquefaciens can secrete various extracellular enzymes, including α-amylase, xylanase, cellulase, phytase, and mannanase (Gracia et al., 2003; Lee et al., 2008) , and it produces active metabolites that inhibit various pathogens (Sutyak et al., 2008; Halimi et al., 2010) . Dietary supplementation with B. amyloliquefaciens can increase ADFI, BW, or ADG in broilers, but reduce FCR (Mallo et al., 2010; Ahmed et al., 2014; Lei et al., 2014) . In the present study, we found that spraying with B. amyloliquefaciens also increased ADG and ADFI in broilers. B. amyloliquefaciens was sprayed at 4 × 10 9 CFU/m 2 into the air in the chambers each day. Most of the B. amyloliquefaciens was deposited on the chamber floor, trough, and sink, but a small amount was discharged from the ventilation system. The total area of trough and sink in each chamber was 1.02 m 2 . Thus, approximately 4 × 10 9 CFU of B. amyloliquefaciens was deposited in the trough and sink, where it could have been consumed by the 80 broilers in the chamber. Spraying with B. amyloliquefaciens increased ADG and ADFI in broilers, possibly due to the intake of B. amyloliquefaciens. Probiotics based on Bacillus species can modulate immunity in broilers. Thus, studies have shown that dietary supplementation with B. subtilis increased the relative weights of the spleen (Zhang et al., 2012) and bursa (Hossain et al., 2015) , as well as increasing the serum IgA and IgM concentrations in broilers (Zhang and Kim, 2014) . Ahmed et al. (2014) found that dietary B. amyloliquefaciens modified the immune response in broilers, where there were linear increases in the serum IgG and IgA levels. In the present study, we also found that spraying with B. amyloliquefaciens increased the relative weights of the spleen and bursa in the broilers, as well as the serum IgG, IgM (21 days), and IgA (42 d) levels. These changes might have been related to the intake of B. amyloliquefaciens.
The airway epithelium is the site of first contact for both air pollutants and pathogens. The barrier function of the airway epithelium plays a key role in the defense mechanisms required to prevent infection and inflammation. Ciliated epithelial cells and goblet cells comprise most of the luminal surface of the larger airways (Knight and Holgate, 2003) , and they are joined by tight junctions to form a relatively impermeable barrier to materials from the luminal surface. The airway epithelial surfaces are covered by a thin layer of mucus, which provides protection by shielding the epithelium from potentially harmful pollutants and pathogens (Hogg, 1982) . The goblet cells express rod-shaped mucins, which localize to either the cell membrane or are secreted into the lumen to form the mucous layer (McCool et al., 1994; Robbe-Masselot et al., 2008) . SIgA is produced by IgA + plasma cells and shuttled into the lumen mucous layer by epithelial cells via the polyimmunoglobulin receptor, and it protects the epithelium against colonization and/or invasion by binding antigens on pathogens (Macpherson et al., 2007) . The mucous layer containing sIgA and junctional complexes combines to form the epithelial barrier. In the present study, we found that spraying with B. amyloliquefaciens increased the count of goblet cells, the sIgA level, and the expression of mucin-2 and occludin mRNA in the tracheal epithelium, thereby indicating that spraying with B. amyloliquefaciens enhanced the respiratory mucosal barrier function in chickens.
Viral and bacterial pathogens stimulate the bronchial epithelial cells to produce IL-6, IL-8, or other proinflammatory cytokines and chemotactic factors (Tristram et al., 1998) , which recruit phagocytic granulocytes, mononuclear cells, and dendritic cells to inflammatory sites (McWilliam et al., 1996) . These immune cells produce more proinflammatory cytokines, such as IL-1β, IFN-γ, and TNF-α, which induce the redistribution of tight junction proteins ZO-1 and JAM, and increase the permeability of the airway epithelia (Coyne et al., 2002) . Finally, bacterial translocation or secondary bacterial infection can occur (Sajjan et al., 2008) . In the present study, we found that spraying with B. amyloliquefaciens decreased the mRNA expression levels of IL-6 and IFN-γ in the trachea in broilers, which indicates that spraying with B. amyloliquefaciens reduced the inflammatory response induced by pathogens. Spraying with B. amyloliquefaciens also increased the count of goblet cells and the sIgA level in the trachea in broilers, which possibly reduced colonization or invasion by pathogens.
Several studies have demonstrated that supplementing feed with Bacillus increased the mRNA expression levels of mucin-2 (Aliakbarpour et al., 2012) as well as occludin, claudin-2, and claudin-3 in broiler intestines (Rajput et al., 2013; Song et al., 2014) , whereas it downregulated the expression levels of IL-2, IL-4, and IL-6 in the ileum and cecal tonsil in broilers (Waititu et al., 2014) , thereby indicating that Bacillus improved intestinal the epithelial barrier function in broilers. To the best of our knowledge, no previous studies have investigated the effects of spraying with Bacillus on the respiratory tract in broilers. However, some studies have suggested that supplementation with probiotics in a nasal spray can provide prophylaxis against upper respiratory tract infections and recurrent acute otitis media. Thus, Medina et al. (2008) reported that the nasal administration of L. lactis increased the clearance rate of S. pneumoniae from the lungs and prevented the dissemination of pneumococci in the blood. In addition, Santagati et al. (2015) demonstrated that S. salivarius still colonized the rhinopharynx tissues and it was maintained a specific concentration 6 d after the last nasal spraying administration. Roos et al. (2001) found that spraying streptococci into the nose could diminish the recurrence rate of otitis media in susceptible children. Therefore, administering probiotics by spraying could be a new application approach to improve the health of the respiratory tract in chickens. However, the effects of spraying probiotics on the composition of the respiratory tract microbiota and the direct effects of probiotics on the respiratory mucosal barrier function in chickens require further research.
In conclusion, in the present study, we found that spraying with B. amyloliquefaciens reduced the inflammatory response and improved the respiratory mucosal barrier function in chickens.
